. Reaction centers from the bacterium Rhodobacter (Rb.) sphaeroides provide a valuable opportunity to exSummary plore the molecular details controlling the involvement of carotenoids in the process of photoprotection. This X-ray diffraction was used to determine high-resoluis because the structure of this protein has been detertion structures of the reaction center (RC) complex mined by X-ray diffraction ( 
, 1986). For examthe carotenoid is incorporated unidirectionally in its
ple, spheroidene may be readily incorporated into characteristic geometric configuration. The structural R-26.1 RCs, where it exhibits the same spectroscopic data suggest that the accessibility of the carotenoid and functional characteristics of natural spheroidene in to the binding site is controlled by a specific "gateRb. sphaeroides wild-type strain 2. (Figure 1) . The Rb. sphaethe carotenoid. The present study pays particular attention to the structure of the carotenoid and the nature roides AM260W mutant structure is our highest resolution structure of an RC that naturally contains a carotof its binding site in the protein and reveals a novel mechanism by which the carotenoid binds to the protein unidirectionally in its characteristic 15-15Ј-cis geometric configuration. This information is important for elucidating the role the protein plays in controlling the high efficiency of triplet energy transfer from the primary donor to the carotenoid in RCs and for understanding how the protein uses carotenoids as protective devices against photooxidation. enoid. The residues are listed in Table 2 together with their distances of closest approach and the contact surface areas between the atoms of the residues and the Figure 5 shows the three carotenoid structhe Phe M162 is the one most expected for phenylalanine side chains, it being found in ‫%64ف‬ of phenylalatures overlaid on top of each other as a result of these comparisons. It is important to note that the close agreenine residues in high-resolution protein structures (Ponder and Richards, 1987). However, this conformation ment in the structures shown in the figure derives from overlaying the surrounding M chain protein and not from would interfere sterically with the carotenoid if the carotenoid were also present in the binding site. Figure 3B superimposing the carotenoid molecules themselves.
Results and Discussion

Reaction centers isolated from semiaerobically grown
Thus, it is clear that the 15-15Ј-cis bond is in an identical
illustrates this by showing the structure and electron density for the carotenoidless R-26.1 RC with the spherposition relative to the BChl B macrocycle in both natural and carotenoid-reconstituted structures. The conformaoidenone molecule overlaid where it is found in the AM260W mutant. When the carotenoid is bound, the tions of the three molecules differ slightly at the nonconjugated tail region and in the methoxy-head area. The phenylalanine side chain is rotated to a position outside the binding site ( Figure 3A) . Thus, Phe M162 acts as a methoxy group of the spheroidene molecule was found to be rotated by 180Њ relative to its orientation in the "gatekeeper" residue, preserving the integrity and structure of the binding site in the absence of the carotenoid, spheroidenone-and 3,4-dihydrospheroidene-containing structures but still forming a hydrogen bond to the M75-yet having the ability to change its conformation and move away from the site when the carotenoid is preTrp indole group. This hydrogen bond, which has a O Car -rather high at ‫07ف‬ kcal/mol (Morrison and Boyd, 1983) . By analogy, in the retinal binding protein, rhodopsin, the protein is not able to generate the 11-cis isomer of retinal from the all-trans form even though the difference in binding energy for the 11-cis isomer is higher than the barrier to isomerization (Birge, 1981). Thus, it would be very unusual for the photosynthetic bacterial RC to induce isomerization of the carotenoid by simply binding the molecule to the protein. Also, although all-trans retinal does not bind to rhodopsin, the 11-cis and 9-cis isomers spontaneously enter the binding site (Birge, 1981) . This may provide a clue to how the carotenoid binds to the RC. Regardless, the structural data presented here completely rule out the binding of the carotenoid to the RC in an all-trans form. There would be too pocket for easier access by the carotenoid. The 15-15Ј-The dominance of the all-trans configuration in the cell cis geometric isomer is one of the more stable configuraextracts has been confirmed by high-performance liquid tions of carotenoids and could be selected from the chromatography (Frank et al., 1997) . Therefore, it is interdistribution preferentially by the protein for binding. This esting to ask how the carotenoids structures are isowould also be consistent with a several-fold molar exmerized to the 15-15Ј-cis-isomeric form found in all cess of the carotenoid being required in the reconstituRCs? One mechanism is that the RC protein acts as an tion procedure. It is also worthy of note that a lockedisomerase. A carotenoid isomerase (CRTISO) enzyme 15-15Ј-cis isomer of spheroidene readily binds to R-26.1 exists in higher plants and cyanobacteria for the converRCs (Bautista et al., 1998), but attempts to reconstitute sion of poly-cis-lycopene into the all-trans molecule a locked-13-cis-spheroidene were unsuccessful (H.A.F. (Isaacson et al., 2002) . From the available Rhodobacter and J. A. Bautista, unpublished data). genomes, there does not appear to be any sequence The structure of the carotenoid binding site elucidated closely related to the crtISO gene that codes for this from the present studies provides a reasonable scenario enzyme. In any case, the enzyme is certainly not exfor the path the carotenoid must take upon incorporation pected to be present in the purified RC solutions used into the protein. The carotenoid must enter the protein in this work for reconstitution of the carotenoids. One from the Trp M75 side; otherwise, Phe M162, in its precould envision that the strength of binding of the carotferred conformation in the empty carotenoid binding site enoid to the protein may be sufficient to overcome the ( Figure 3B) , would not be able to move out of the way. Moreover, the bulky size of the methoxy-head group barrier for trans-to-cis isomerization, but this barrier is first the TLS components are refined for selected groups of atoms or molecules to represent correlated atomic group motions. This is Finally, the RCs with the carotenoid incorporated were concentrated for the crystallization trials by centrifugation at 3000 ϫ g using an followed by the restrained refinement of atomic coordinates and isotropic B factors representing the residual thermal contributions, Amicon microconcentrator (MW cutoff of 10,000 D). The absorption spectra of Rb. sphaeroides R-26.1 RCs before and after reconstituwhich cannot be modeled by TLS tensors. The whole asymmetric unit was assigned as a single TLS group in the structures reported tion with the carotenoids have been published previously (Farhoosh  et al., 1997; Frank, 1999) .
here. 
